ABSTRACT The spatial distribution and dispersion of Anaphothrips obscurus (Mü ller) (Thysanoptera: Thripidae) was examined with the goal of establishing a sequential sampling plan for this pest in timothy, Phleum pratense L. (Poaceae). Approximately 16 different California timothy Þelds were sampled twice yearly from 2006 to 2008 using direct observation and the beat cup method. For direct observation, the number of thrips on each leaf of the plant was counted. For the beat cup method, tillers were tapped into a cup and dislodged thrips were counted. Samples were separated by Ϸ3 m in 2006 and 2007 and exactly 3 m in 2008. Spatial autocorrelation of intraÞeld population distribution was tested for signiÞcance in 2008 using MoranÕs I, but autocorrelation was not detected. The population dispersion was assessed by TaylorÕs power law and was determined to be aggregated and density-dependent. Intraplant population dispersion and distribution for each year were also evaluated for adults, larvae, and total thrips. All lifestages were highly spatially dependent and more thrips were found near the top of the plant than the bottom. Direct observation proved to be a more accurate and precise method than the beat cup method, especially when thrips abundances were greater than one. However, the number of samples required to provide an accurate level of precision was unrealistic for both methods. A sequential sampling plan was evaluated, but was not practical for the beat cup method because few thrips were found using this method. Because there was no spatial autocorrelation at sampling distances of 3 m, samples can be taken at intervals at 3 m to obtain spatially independent population abundance estimates.
othy hay in the western United States is marketed domestically and exported to Asia; value is based largely on esthetics. Green hay with large inßorences is considered more valuable than brown hay; timothy injured by thrips typically results in brown, low quality hay (Reisig et al. 2009 ).
Because monocultures represent resources that are "ecological islands," Mound (1997 Mound ( , 2005 proposed that many thrips species are opportunistic. Species that take advantage of the resources of these ecological islands to become pests usually have biological characteristics such as polyphagy, multivoltinism, aggregation, vagility, and short generation time. Many studies have demonstrated that opportunistic thrips are aggregated at various spatial scales on both an intra-and interplant level (i.e., Higgins 1992; Cho et al. 1995 Cho et al. , 2000 Worner and Chapman 2000; Pearsall and Meyers 2001; Deligeorgidis et al. 2002; Parajulee et al. 2006; Seal et al. 2006; Hesami et al. 2007 ). Furthermore, most genera of leaf-feeding thrips feed on the youngest plant leaves (Mound 1997) , although others feed on older or senescing leaves (Fennah 1965, Mound and Kibby 1998) . Many researchers have studied thrips dispersion, that is, aggregated population structure, without measuring the spatial autocorrelation. Most of these studies have measured the degree of population aggregation by estimating dispersion (the frequency of distribution among the population) or by splitting the plant into upper and lower areas and estimating the number of insects occurring in these regions. In contrast, techniques for estimating population distributions that take spatial autocorrelation into account have the advantage of parsing the various distributions and spatial patterns by including both the values, as well as the spatial locations, of each datum point (Williams et al. 1992, Liebhold and Sharov 1998) . In contrast to the previous studies describing only dispersion of thrips populations, Cho et al. (2001) successfully used autocorrelation analysis to detect the spatial dependence and distribution of thrips in greenhouse cucumbers and advocated for these methods, as opposed to dispersion indices, to describe thrips spatial distribution. As a result, rigorous testing is needed to assess the dispersion of thysanopteran species with regard to spatial autocorrelation.
The variability in spatial structure and spatial dependence can be measured by using a semivariogram (Park and Tollefson 2005) , which is a function that indicates spatial dependence based on the distances between pairs of sample locations (lag). An overview of the deÞnitions necessary for understanding the semivariogram to describe spatial dependence among insect populations, as well as an idealized standard semivariogram, is included in Weisz et al. (1995) . The shape of the semivariogram can provide information that is useful to sampling, such as the presence of a nugget semivariance, sill semivariance, and the difference between the nugget and the sill. The nugget variance is the spatially correlated variance over distances less than the smallest sampling interval, and includes measurement error, as well as random variation. The sill variance represents the upper bound of the semivariogram, subsuming all the variation. Finally, the range is the limit of spatial dependence and is deÞned as the spatial distance at which the variogram reaches the sill. The range also represents the average extent of inßuence of any one sampling point (Kirwan et al. 2005) .
Various sampling methods have been compared across time of day and season for A. obscurus (Reisig et al. 2010 ). This study found that two absolute sampling methods, direct observation and the beat cup method, were accurate and precise over time. However, the number of samples required to obtain a precise population estimate remains unknown. CropspeciÞc, sequential sampling plans have been developed for western ßower thrips by combining an estimation of sampling precision and the degree of thrips dispersion (e.g., Wang and Shipp 2001, Parajulee et al. 2006 ). An estimate of sample precision and sample size required for A. obscurus in timothy will be useful to pest management practitioners.
The population structure of A. obscurus timothy has not been quantiÞed. Because this species was classiÞed as an opportunistic species and has the added characteristic of parthenogenetic reproduction, the population structure of A. obscurus may be aggregated on both an intraplant and intraÞeld basis. This study was designed to test the prediction of population aggregation in an opportunistic thrips species, A. obscurus, in a perennial forage crop (timothy) and to develop and evaluate a sequential sampling plan for thrips in timothy. Ten tillers were sampled from each Þeld using direct observation. The leaf blade on individual tillers was inspected, and the ligule of each leaf was detached from the stem to reveal any concealed thrips; furthermore, the vertical distribution of thrips on the tiller was recorded by counting the total number of leaves per tiller and noting on which leaf thrips were present. Many tillers had dead leaves on the lower portion, where almost no thrips were present. As a result, thrips were only counted on leaves that were Ͼ50% green. Furthermore, 10 tillers were sampled directly adjacent to the area where direct observations were made using the beat cup method. For this method, an individual tiller was rapped 10 times on the inside of a 9.5 ϫ 11 cm type 2 high-density polyethylene cup. Thrips were not identiÞed to species, as Ͼ99% of thrips found on timothy in California are A. obscurus (Reisig et al. 2010) .
Materials and Methods

Timothy
Sampling in 2006 and 2007 was done in a straight line with the Þrst sample taken at least 12 m from Þeld edges and subsequent samples taken Ϸ3 m from each other. The direction of the sampling was not random, but proceeded from the edge of the Þeld toward the center. In 2008, the sampling protocol was similar to that conducted in 2006 and 2007, except that samples were taken exactly 3 m from each other.
Intrafield Spatial Distribution Analysis. Data from both direct observation and the beat cup methods were used to describe the intraÞeld spatial distribution of thrips in timothy. Following the procedure of Kim et al. (2001) , TaylorÕs power law (TPL; Taylor 1961) was calculated. Because TPL is a measure of dispersion, it should only be used to describe a population distribution when data are not autocorrelated. However, TPL can be used to describe the frequency of the population distribution (Williams et al. 1992 , Midgarden et al. 1993 was used to determine if the regression coefÞcients were different among years. Random effects were location, Þxed effects were sampling method and year, and year was the repeated effect. Heteroscedacity and normality were controlled using a logarithmic transformation and denominator degrees of freedom were calculated following the methods of Kenward and Roger (1997) . The data from each year were then combined, with TPL coefÞcients a and b recalculated using the same model. These coefÞcients were then used in a linear equation and Þt to the observed log transformed data.
Autocorrelated data indicate that the population distribution is aggregated and spatially dependent.
The assumption of autocorrelation was tested using a geostatistical method by calculating a MoranÕs I value (Cliff and Ord 1981) for each location on both sampling periods in 2008. SigniÞcance (P Ͻ 0.05) of these values for each location was tested assuming randomization using binary weights (PROC VARIOGRAM; SAS Institute 2008). Data from 2006 and 2007 were not tested in this manner because sample distance was estimated, as opposed to measured.
Sequential Sampling Plan. Sampling stop lines were generated using the procedure detailed by Green (1970) . The following formula was used:
where a and b are the coefÞcients obtained from TaylorÕs power law regression, T n ϭ number of thrips per tiller, n ϭ number of tillers and D ϭ the Þxed level of precision measured by SEM/mean. A precision level at 25% is considered sufÞciently accurate for pest management (Southwood 1978) and precision levels were considered at 0.25, 0.30, and 0.50. Samples that required over 10,000 tillers to be considered precise were not reported. Intraplant Spatial Distribution Analysis. A similar procedure for analyzing distribution using TPL was followed to describe the intraplant population distribution. Because the beat cup data could not provide a measure of intraplant distribution, only direct observational data were used. Both sampling dates on each year were combined and the TPL coefÞcients a and b were calculated from 2006 to 2008. Distribution was deÞned across a single tiller by assigning leaf numbers within a tiller. Tillers without thrips and tillers with only one leaf were not included in the analyses. In contrast to the approach used for intraÞeld distribution, a generalized linear mixed model (PROC GLIMMIX; SAS Institute 2008) was used to determine if the regression coefÞcients were different among years because the response variable was not normally distributed (Littell et al. 2006 ). The dependent variable was variance among the mean counts. Independent variables included the Þxed factors of mean count of thrips at each location on each date and date and the random factor of location. The Generalized 2 statistic and a comparison of the Pearson statistic with the estimated residual dispersion in the marginal distribution was used to determine the best distribution to model variation among the data (Littell et al. 2006) . The model was speciÞed as a Poisson distribution Þtted with the residuals as a random overdispersion parameter. Because the means were signiÞcantly different between years, TPL coefÞcients were calculated separately for each year using a generalized linear mixed model (PROC GLIMMIX; SAS Institute 2008). The best distribution to model variation among the data were chosen as described previously.
Data from sampling dates within a year were combined and spatial autocorrelation was tested using geostatistics for larvae, adults, and total thrips for each year (2006 Ð2008). MoranÕs I statistic was used, similar to the intraÞeld data analysis (PROC VARIOGRAM; SAS Institute 2008). The PROC VARIOGRAM procedure also produced a semivariogram for each analysis. Because classical variogram estimation methods are erratic, or unreliable with skewed or clustered data (Rossi et al. 1992) , and are highly sensitive to outliers within the data (Cressie 1993) , robust methods were used for semivariogram analysis using the ROBUST statement. Through visual inspection of the semivariogram shapes, it was determined that there was an initial slow rise followed by a rapid rise in the semivariance. Semivariograms were therefore Þt with a Gaussian-type or power form (Christakos 1992 , SAS Institute 2008 . Parameters were estimated using the weighted least squares method using PROC NLIN in SAS.
Results
Intrafield Population Dispersion and Spatial Distribution. Thrips abundances were not signiÞcantly different among years (F 2, 24.5 ϭ 2.27, P ϭ 0.1250). The regression coefÞcients a and b for TPL were not signiÞcantly different among years for direct observations (F 17, 20.5 ϭ 1.33, P ϭ 0.2679) and the beat cup method (F 18, 5.59 ϭ 2.95, P ϭ 0.1020). CoefÞcients were obtained from the combined data of 3 yr for both methods (Table 1) , which were Þt to the raw data values (Fig. 1) . Both a and b coefÞcients were numerically greater for direct observation than for the beat cup method. Using both methods, the coefÞcient b was always Ͼ1, indicating aggregation. For both direct observation and the beat cup method, the Þtted regression from the TPL equation signiÞcantly diverged from a slope of one (Table 1) . This was because of the inßuence of highest mean thrips densities (Fig. 1) .
Thrips abundances sampled using the beat cup were spatially independent at all locations for both 2008 sampling dates, as measured by MoranÕs I. MoranÕs I was signiÞcant at two locations for thrips sampled with direct observation on 30 July 2008 (MoranÕs I ϭ 0.56; Z ϭ 2.31; P ϭ 0.0206 and MoranÕs I ϭ 0.52; Z ϭ 2.10; P ϭ 0.0358). Mean thrips numbers sampled were 0.5 Ϯ 0.2 and 0.6 Ϯ 0.2 at these locations. Sequential Sampling Plan. Sequential sampling stop lines increased in value with greater levels of precision and increasing thrips numbers per tiller (Fig. 2) . Thrips found by direct observation from 2006 to 2008 averaged 1.5 per tiller and would require 146, 7,680, and Ͼ10,000 tillers to be sampled to obtain the respective precision levels of 0.5, 0.3 and 0.25. Thrips sampled using the beat cup method from 2006 to 2008 averaged one per tiller and the number of samples required to obtain all precision levels tested was Ͼ10,000 tillers. (Fig. 3) . MoranÕs I coefÞcient values were signiÞcant for positive spatial autocorrelation in nymph, adult, and total thrips population data in every year (Table 2 ). Visual inspection of the semi- All num df ϭ 1. Economic threshold is based on accumulated insect days and is dependent on insecticide choice and price of the hay, but roughly corresponds to one thrips per tiller for 3 wk, with average Þrst-cutting hay yields using cyßuthrin (Reisig et al. 2009). variograms indicated positive spatial autocorrelation for nymph, adult and total thrips population data (Fig.  4) . Subsequent Þtting of the estimated semivariograms with either a Gaussian or power model was signiÞcant for all direct observational data (Table 3) .
Intraplant Population Dispersion and
Discussion
Intrafield Population Dispersion and Spatial Distribution. IntraÞeld thrips population distributions were generally random at the scale tested in this study. When tested by MoranÕs I, within 30 m distances, for both sampling methods (direct observations and beat cup), thrips abundances were only aggregated at 3 m intervals in 3 out of 64 occasions in 2008. Because distances between samples taken within a Þeld were not measured in 2006 and 2007, it was not appropriate to use geostatistical analyzation for data from these years. Moreover, populations could be spatially dependent at larger or smaller distances than those tested.
The frequency distribution of a population can be described as aggregated when the TPL coefÞcient b is greater one (Taylor 1961 , Williams et al. 1992 , Davis 1994 . This was true for both sampling methods across the distances sampled in 2006 Ð2008, although the geostatistical analysis suggested that the population distribution was not spatially dependent. However, it is important to remember that TPL is a measure of dispersion , not distribution, and the value of b can be counteracted by either a high or a low a value (Wilson 1985 , Reay-Jones 2010 . Dispersion increased more rapidly at higher densities (s 2 Ͼ x ) using both direct observation and the beat cup method. Nonetheless, TPL is not a good model for populations with mean values below one (Lepš 1993) ; population abundances were less than one per tiller in 49 of 95 total data sets for direct observation and 61 of 95 for the beat cup method in this study. Hence, results from these data sets should not be used to draw conclusions concerning aggregation. Sequential Sampling Plan. Samples taken from Þelds with relatively low thrips abundance had proportionally higher variance than samples taken from Þelds with higher thrips densities. Using the sequential sampling stop lines, the number of samples required to reach a management decision can be determined according to the number of thrips found while sampling and the precision of sampling desired. Finally, because there was no indication of spatial dependence within the sample distances tested, samples can be limited to a portion of the Þeld for estimation of the entire thrips population density within the Þeld (Midgarden et al. 1993) . Southwood (1978) suggested a precision level of 0.25 for an accurate estimation of population abundance. The number of samples required for an accurate population estimate was unrealistic using both the beat cup and direct observation. However, direct observation was still more precise than the beat cup method. In contrast, Reisig et al. (2010) concluded that these methods were equally precise, because relative thrips abundances estimated temporally within a single day and seasonally were generally parallel. Furthermore, they found more thrips using direct observation than the beat cup method. Hence, direct observation is a more absolute sampling method than the beat cup method. The study presented herein demonstrates that direct observation is also a more precise method, as fewer samples are needed for an accurate estimation of population abundance. Intraplant Population Dispersion and Spatial Distribution. The data were positively autocorrelated as calculated by MoranÕs I values for adults, larvae, and total thrips in each year. This was corroborated by visually investigating the shape of the semivariograms and Þtting either a Gaussian or a power model. These models assume that the semivariance increases within a certain range as lag distance increases. Nugget variance, as estimated by robust semivariance, was low in all the variograms. Models Þtted with Gaussian distributions increased to a sill, at which point there was no spatial dependence. It has been suggested that spatial dependence is strong when the ratio between the nugget semivariance and sill is below 25% (Cambardella et al. 1994 , Ló pez-Granados et al. 2002 , 2004 . All semivariograms Þtted with Gaussian distributions fell well below this cutoff and were strongly spatially dependent. Furthermore, no sill was observed within the lag distances in the semivariograms Þtted with power models. As a result, intraplant thrips population distributions are strongly spatially dependent regardless of whether they are immature, adult, or total thrips population distributions. This corresponds with MoundÕs (1997) observation that most genera of leaffeeding thrips feed on the youngest plant leaves. Based on the average number of thrips and the shapes of the semivariograms, larvae were more aggregated toward the top of the plant than adults.
Because b Ͼ 1 in all cases for intraplant data, the frequency of the population dispersion was aggregated and the degree of this was density dependent. This did not conßict with visual inspection of the semivariograms and MoranÕs I spatial autocorrelation results. This information is also useful for establishment of a sampling regiment for thrips in timothy. Similar to the intraÞeld population dispersion, more samples should be taken at lower thrips densities to reduce variation because the frequency of the distribution is aggregated and density dependent. Furthermore, thrips population distributions were strongly spatially dependent on the intraplant level and spatial independence was rarely reached. Finally, even though standard error was relatively low on lower parts of the plants (i.e., third leaf from the top and below), thrips were rarely abundant in high enough amounts to aid in a management decision. Thus, all parts of the timothy tiller should be sampled to obtain independence.
These results correspond to previous studies where thrips population distributions were shown to be spatially aggregated. As predicted, this opportunistic thrips species had an aggregated distribution on the intraplant level. However, this study highlights the density dependence as the spatial scale is decreased from an intraÞeld level (i.e., 10 samples separated by distances of 3 m) to an intraplant level (i.e., thrips on a tiller separated by the distance of a leaf). Thus, the prediction that thrips were aggregated on an intraÞeld level was not supported by these data. Because these data are from a single species, more testing should be done using measures of spatial autocorrelation to describe general thysanopteran spatial distribution.
